Introduction {#S0001}
============

MicroRNAs (miRNAs) represent a promising class of endogenously expressed regulators controlling gene expression of various biological processes, including proliferation, cell differentiation, apoptosis and metabolism. As miRNA dysregulation is often associated with the onset and progression of various diseases, miRNA-based medicines might provide a new therapeutic approach in the treatment of genetic, metabolic and immunological disorders.[@CIT0001]--[@CIT0003]

With respect to miRNA processing, long double-stranded RNA molecules are undergoing consecutive cleavage events in the nucleus and the cytoplasm, which are promoted by RNA polymerases to form double-stranded mature miRNAs. After miRNA incorporation into the cytoplasmic multi-protein complex termed as RNA-induced silencing complex (RISC), these short non-coding miRNAs of approximately 22 nucleotides in length post-transcriptionally regulate gene expression to adjust protein levels. This is accomplished by separation of the miRNA duplex into the passenger strand, which is cleaved and expelled by a RISC-specific protein (Argonaute-2), and the guide strand, which is responsible for the recognition of complementary mRNA sequences remaining part of the RISC machinery. The mechanism of gene silencing (mRNA degradation or translational inhibition) is determined by the degree of complementarity with respect to Watson--Crick base pairing between the miRNA guide strand and the target mRNA.[@CIT0004]--[@CIT0007] However, abnormal miRNA expression profiles diverging from physiological levels might result in the development of a variety of diseases.[@CIT0008]--[@CIT0011]

One strategy for miRNA-based medicines could address miRNA replacement therapy. For this purpose, short double-stranded miRNAs are extracellularly introduced into cells to mimic endogenous miRNA functions in the cytoplasm via incorporation into RISC followed by gene regulation.[@CIT0004],[@CIT0006],[@CIT0007] This knowledge opens up new possibilities in developing therapeutic strategies to treat or prevent diseases, in particular obesity. Generally, adipose tissue fulfils important physiological tasks as energy reservoir as well as metabolic and endocrine functions by secreting active molecules (adipocytokines). However, excess accumulation of body fat has become a serious worldwide health problem, which is often associated with obesity-related disorders, such as diabetes, dyslipidemia, hypertension, or coronary heart disease. Adipose tissue is a very heterogeneous tissue containing various cell populations such as lipid droplet storing mature adipocytes but also mesenchymal stem cells that are capable of differentiating into adipogenic, myogenic or chondrogenic cells.[@CIT0012],[@CIT0013] At this point, miRNA replacement therapy could provide a therapeutic alternative by affecting the conversion of stem cells, which are committed to the adipose lineage, from preadipocytes into mature adipocytes and thus, reducing lipid droplet formation and subsequent expansion of adipose tissue. Anti-adipogenic miRNA-27a is a specific miRNA mimic, which is a negative regulator in fat metabolism by suppressing adipogenic marker genes, such as PPARɣ (peroxisome proliferator-activated receptor ɣ). The development of obesity is often associated with reduced miRNA-27a levels and therefore, this miRNA might represent a promising candidate for miRNA mimic replacement therapy.[@CIT0014]--[@CIT0017]

Although nucleic acid-based therapies provide great potential to turn miRNAs into medicine, application of hydrophilic molecules, such as naked miRNAs, faces some major obstacles comprising protection against enzymatic degradation, improvement of bio-membrane permeability and intracellular release. As the biological effectiveness of miRNA delivery strongly depends on intracellular uptake and release, the development of appropriate drug delivery systems (DDS) is of paramount importance. DDS for miRNAs have to meet some requirements that include enzymatic protection against RNases, cell membrane interaction, cell uptake, intracellular cargo release of the complex as well as distribution. Different kinds of carrier systems have already been discussed in the literature that allow promising nucleic acid delivery into cells, including liposomes,[@CIT0018]--[@CIT0020] lipid nanoparticles,[@CIT0021],[@CIT0022] proteins[@CIT0023],[@CIT0024] or polymers.[@CIT0025]--[@CIT0027]

One such approach for nucleic acid delivery might also include the application of cell penetrating peptides (CPP).[@CIT0028]--[@CIT0030] Also known as protein translocation domains, CPP represent a class of small cationic peptides consisting of \<30 amino acids. The cationic nature of CPP enables electrostatic interactions with anionic nucleic acids to form self-assembled particles, which represents a technically simple process to obtain a DDS for miRNAs. This phenomenon of spontaneously induced self-assembly complexation has already been reported for different peptides of the CPP family comprising cationic peptides, such as protamine,[@CIT0031]--[@CIT0034] as well as amphipathic peptides, such as MPG[@CIT0035],[@CIT0036] standing for May, Pierre and Gilles (the names of the people who discovered the peptide). The primary amphipathic peptide MPG is a 27 amino acid peptide that is arranged in a sequential assembly of hydrophilic and hydrophobic domains. The hydrophilic domain, derived from the nuclear localization sequence of SV40 large T antigen (PKKKRKV), primarily contains positively charged lysine residues that promote electrostatic interactions with negatively charged nucleic acids as well as proteoglycans being present at the cell membrane surface. The hydrophobic domain, derived from HIV-1 gp41 (GALFLGFLGAAGSTMGA), promotes hydrophobic interactions with phospholipids to encourage cell membrane penetration. The linker sequence WSQ improves the flexibility between both the hydrophobic and hydrophilic domain of the peptide MPG, hereinafter referred to the trading name "N-TER peptide". The proposed translocation mechanisms for MPG-cargo complexes suggest the formation of transient transmembrane structures. This passive membrane crossing integrates electrostatic interactions with cell-surface glycosaminoglycans followed by strong hydrophobic phospholipid--peptide interactions being responsible to form β-barrel pore-like structures.[@CIT0036]--[@CIT0039] Gerbal-Chaloin et al described MPG-induced local membrane destabilization, which involves clustering of glycosaminoglycans followed by actin remodeling and consequently, increased membrane fluidity.[@CIT0040]

With respect to drug delivery applications, the amphipathic properties of N-TER peptides make these CPP promising candidates for nucleic acid delivery by promoting non-covalent complexation with miRNAs through electrostatic interactions as well as translocation into cells through hydrophobic interactions. As described in our previous studies,[@CIT0041] the manufacturing of the DDS composed of N-TER peptides and nucleic acids has been successfully achieved by simply mixing aqueous solutions of both components resulting in self-assembled particles. Furthermore, physicochemical characterizations of this N-TER peptide-based DDS have been performed to provide additional information about system-specific properties regarding size, shape and charge. All of these parameters might influence the mode of action of this DDS regarding cellular adhesion and uptake and thus, the biological effectiveness of miRNA-27a.

Herein, it is demonstrated that the amphipathic N-TER peptide represents a suitable DDS for anti-adipogenic miRNA-27a. In-vitro transfection experiments of this N-TER peptide-based DDS are performed using 3T3-L1 cells, which represent a common cell culture model to investigate the degree of lipid droplet formation during adipocyte differentiation. To trace the delivery of miRNAs over time, different developmental stages during adipocyte differentiation will be presented in this paper to discuss cellular adhesion/uptake of N-TER peptide-nucleic acid complexes in preadipocytes as well as the biological effect of miRNA-27a in mature adipocytes.

Materials And Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

N-TER peptide with the sequence GALFLGFLGAAGSTMGAWSQPKKKRKV and siRNA dilution buffer are offered as "N-TER Nanoparticle siRNA Transfection System" from Sigma-Aldrich (Vienna, Austria).[@CIT0035],[@CIT0042] Three different nucleic acids from Dharmacon (GE Healthcare, Vienna, Austria) were used to prepare complexes with N-TER peptide, respectively: Double-stranded miRNA mimic mmu-miR-27a-3p (miRNA-27a) comprising the sequence UUCACAGUGGCUAAGUUCCGC (MW 13 454 g/mol) to mimic the function of endogenous miRNAsmiRNA mimic negative control comprising the sequence UCACAACCUCCUAGAAAGAGUAGA (MW 14 074.31 g/mol) to act as a non-targeting control (NTC) in order to distinguish between specific miRNA mimic activity and background effects in miRNA mimic experimentsmiRNA mimic transfection control with Dy547 (FluoNTC) comprising the sequence CUCUUUCUAGGAGGUUGUGA 5´ Dy547 (MW 14 566.9 g/mol) to perform fluorescence experiments in-vitro

RNase-free water (VWR, Vienna, Austria) was utilized to prepare N-TER peptide-nucleic acid complexes. To perform in-vitro cell culture experiments, DMEM from Gibco (Life Technologies Corporation, Paisley, UK) was used containing 1 g/L or 4.5 g/L D-Glucose, hereinafter referred to as "low glucose DMEM" or "high glucose DMEM" respectively. With respect to fluorescence imaging experiments, low glucose DMEM without phenol red was used (Gibco). PBS (pH 7.4), HEPES buffer solution (1 M), L-glutamine (200 nM) and penicillin/streptomycin (10,000 U/mL) were also ordered from Gibco. FBS, insulin solution human, dexamethasone and isobutylmethylxanthine (IBMX) were purchased from Sigma-Aldrich. The following materials were required to perform the Oil-Red-O (ORO)-staining procedure: lipophilic dye ORO (Sigma-Aldrich), glycerol 85% (Herba Chemosan Apotheker-AG, Vienna, Austria), 2-propanol (VWR Chemicals Prolabo, France) and formaldehyde 37% (Carl Roth, Karlsruhe, Germany). The sample preparations and in-vitro transfection studies were carried out under aseptic conditions using a laminar flow box (Herasafe KS, Thermo Fisher Scientific, Vienna, Austria). RNase AWAY (Sigma-Aldrich) decontamination reagent was used for surface disinfection.

Sample Preparation {#S0002-S2002}
------------------

Stock solutions of three different nucleic acids (miRNA-27a, NTC or FluoNTC) were prepared in RNase-free water and stored at −80°C. Working solutions of 5 µM nucleic acids were obtained by diluting the stock solutions with RNase-free water followed by further dilution with siRNA dilution buffer to obtain 1.3 µM solutions. N-TER peptide (8 µL) was diluted with RNase-free water (42 µL). To obtain standard N-TER peptide--nucleic acid complexes, the working solutions of N-TER peptide and the respective nucleic acid were intermixed using equal volumes. These complexes were incubated at room temperatures (about 23°C) for 15 to 20 mins containing finally a nucleic acid concentration of 650 nM followed by 5 mins of sonication (Emmi-D100, EMAG Technologies, Mörfelden-Walldorf, Germany). To obtain concentrations suitable for in-vitro transfection studies, the standard N-TER peptide--nucleic acid complexes (650 nM) were diluted with serum-free low glucose DMEM. In the following, the stated in-vitro concentrations are always referred to the nucleic acids (miRNA-27a, NTC or FluoNTC).

In-vitro Transfection And Differentiation {#S0002-S2003}
-----------------------------------------

Mouse embryonic fibroblast-derived 3T3-L1 preadipocytes were originally purchased from ATCC (Manassas, VA, USA) and kindly provided by the Graz University of Technology (Graz, Austria) from the research group of Dr. Scheideler. The cells were cultivated at 37°C under 5% CO~2~ water-saturated atmosphere in complete proliferation medium (PM) consisting of low glucose DMEM supplemented with 10% FBS, 1% L-glutamine, 1% HEPES and 1% penicillin/streptomycin. Transient transfection of N-TER peptide--nucleic acid complexes was performed in non-confluent 3T3-L1 preadipocytes. For this case, the cells were cultivated in complete PM with a seeding density of approximately 7×10^3^ cells/well into 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) or 7×10^4^ cells onto glass bottom dishes (WillCo Wells B.V., Amsterdam, Netherlands) 24 hrs before transfection. The glass bottom dishes were always used for fluorescence imaging due to the transmission microscopy.

In-vitro transfection was performed by diluting the standard N-TER peptide--nucleic acid complexes (650 nM) with serum-free low glucose DMEM followed by an incubation period of 4 hrs on 3T3-L1 cells. Afterwards, equal volumes of complete transfection medium were added consisting of antibiotic-free low glucose DMEM supplemented with 20% FBS, 1% L-glutamine and 1% HEPES, which finally results in nucleic acid concentrations of 5 nM, 10 nM, 25 nM, 50 nM or 80 nM, respectively. After a total incubation period of 24 hrs, the transfection medium was completely removed followed by washing with PBS to get rid of unbound sample material. To induce the in-vitro differentiation of transfected preadipocytes into mature adipocytes, freshly prepared induction medium (IM) was added consisting of high glucose DMEM supplemented with 10% FBS, 1% L-glutamine, 1% HEPES, 1% penicillin/streptomycin and some hormonal substances including insulin, dexamethasone and IBMX. Final concentrations of 10 µg/mL insulin, 1 µM dexamethasone and 500 µM IBMX were used to extracellularly trigger adipocyte differentiation, which is from now on termed as day 0 (d0). The medium was changed and replaced every second day (d2, d4) with differentiation medium consisting of high glucose DMEM supplemented with 10% FBS, 1% L-glutamine, 1% HEPES, 1% penicillin/streptomycin and insulin (5 µg/mL). ORO-staining was performed in mature adipocytes after a total differentiation period of 6 days (d6).

To investigate the effect of N-TER peptide--nucleic acid complexes on lipid droplet formation during adipocyte differentiation, concentration-dependent transfection series were performed starting from 10 nM up to 80 nM final miRNA-27a or NTC concentrations. Furthermore, the sample conditions also comprise control groups including the single complex components, such as N-TER peptide, miRNA-27a or NTC, and non-transfected cells, termed as cells only (co). The controls were treated exactly the same as described for N-TER peptide--nucleic acid complexes regarding the in-vitro transfection and differentiation procedure. Each sample condition was performed at least in triplicates on 96-well plates.

ORO-Staining Procedure {#S0002-S2004}
----------------------

The lipophilic dye ORO is often used to assess the degree of differentiation by staining lipid droplets in mature adipocytes.[@CIT0016],[@CIT0017],[@CIT0043] A stock solution of ORO was prepared by dissolving 0.35 g dye in 100 mL 2-propanol stored at 4°C. The working solution was prepared by mixing 6 mL ORO stock solution with 4 mL MQ-water (Milli-Q-Gradient system from Merck-Millipore, Darmstadt, Germany) and stored at room temperatures (about 23°C) for at least 30 mins followed by filtering. The differentiated cells at d6 were washed with PBS and fixated in 10% formaldehyde (in 10X PBS) for at least 1 hr. After removing the fixative, the cells were washed with MQ-water, incubated with 60% (v/v) 2-propanol (in MQ-water) for 5 mins and completely air-dried after removing the 2-propanol. After 10 mins incubation of the filtered ORO working solution, the cells were repeatedly washed with MQ-water and covered with 50% (v/v) glycerol (in MQ-water) to avoid sample drying. To compare the staining intensities of ORO between the various sample conditions, light microscopic images were taken using a Leica microscope Type 090-135.002 (Leica Microsystems GmbH, Vienna, Austria) equipped with a Canon EOS 70D digital camera (Canon GmbH, Vienna, Austria). For semi-quantitative evaluation of in lipid droplets accumulated ORO, absorbance measurements were performed at an excitation wavelength of 500 nm in matrix scan mode using a CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Germany). Glycerol 50% (v/v) was used as blank in empty wells. The results of absorbance measurements are presented as blank-corrected mean values$\documentclass[12pt]{minimal}
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Combinatorial Atomic Force Microscopy (AFM), Brightfield (BF) And Fluorescence Imaging {#S0002-S2005}
--------------------------------------------------------------------------------------

After seeding the cells onto glass bottom dishes, in-vitro transfection was performed using 5 nM (low) and 100 nM (high) final nucleic acid concentrations of N-TER peptide--FluoNTC complexes followed by formaldehyde fixation of 3T3-L1 cells 4-hr post-transfection. The samples were investigated by using a combinatorial set up including AFM, BF and fluorescence imaging. Mounting the atomic force microscope on top of a Zeiss Axio Observer (Göttingen, Germany), this instrumental set up combines the three different microscopic techniques enabling simultaneous investigations at the very same sample area. The AFM investigations were performed with a FlexAFM atomic force microscope, equipped with a C3000 controller (Nanosurf, Switzerland). Height images were recorded in tapping mode utilizing Tap300 Al-G cantilevers (Budgetsensors, Sofia, Bulgaria). All recorded AFM data were processed and examined with the software package Gwyddion.[@CIT0044] For fluorescence microscopy, filter settings were chosen according to the absorption/emission spectra (557 nm/570 nm) of the fluorescence marker Dy547. Combined images of all techniques were generated with the software GIMP.

Confocal Laser Scanning Microscopy (cLSM) {#S0002-S2006}
-----------------------------------------

To trace fluorescent-labelled NTC after in-vitro transfection, cLSM was used for cellular uptake studies of N-TER peptide--nucleic acid complexes over time (4 hrs, 24 hrs, 48 hrs) at 37°C. Sample conditions were prepared according to the transfection and differentiation protocol as described before. The initial nucleic acid concentrations of 10 nM and 100 nM were diluted with complete transfection medium after an incubation period of 4 hrs. This finally resulted in concentrations of 5 nM and 50 nM with respect to incubation periods of 24 hrs and 48 hrs. The cLSM (510 Meta, Carl Zeiss GmbH) utilized the ZEN2009 software package to record fluorescence images at different focus positions. From these z-stacks, three-dimensional data is extracted. Cells incubated for 48 hrs with N-TER peptide--FluoNTC complexes were already stimulated with IM, representing d1 of differentiation. The transfected 3T3-L1 cells were washed with PBS to get rid of unbound sample material followed by formaldehyde fixation. Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific) was used to stain the actin cytoskeleton and was excited at 488 nm and detected using a bandpass filter (BP 505/550nm) for the green channel. Hoechst 33342 (Thermo Fisher Scientific) was used to counterstain the nucleus and was excited at 405 nm and detected using a bandpass filter (BP 420/480nm) for the blue channel. The fluorescent-labelled NTC was detected at 543 nm excitation wavelength using a longpass filter (LP 560 nm) for the red channel.

Statistical Analysis {#S0002-S2007}
--------------------

In mature adipocytes at d6, absorbance of in lipid droplets accumulated ORO was analyzed by one-way ANOVA to verify statistical significance. To compare mean values, *F*-test was performed whether unequal or equal variances had to be assumed followed by two-sample *t*-test. P-values \<0.05 and \<0.001 were considered to be statistically significant and statistically highly significant, respectively.

Results And Discussion {#S0003}
======================

In-vitro Transfection And Differentiation Of 3T3-L1 Cells {#S0003-S2001}
---------------------------------------------------------

Differentiation of 3T3-L1 preadipocytes into adipocytes is tightly controlled by a complex network of various transcription factors (eg, CCAAT enhancer-binding proteins and PPARɣ), which correspond to extracellular stimuli such as insulin, dexamethasone and IBMX. These substances induce the adipogenic program, in which PPARɣ is considered to be the master regulator of adipocyte differentiation.[@CIT0045],[@CIT0046] Previous studies have already demonstrated that intracellularly available miRNA-27a is a negative regulator of adipocyte differentiation by directly targeting PPARɣ and thus, resulting in decreased lipid droplet formation during adipocyte development.[@CIT0015],[@CIT0016] The aim of the present experiments has been the delivery of extracellular miRNA-27a into 3T3-L1 preadipocytes by applying the N-TER peptide--nucleic acid complexes, which represent the peptide-based DDS for miRNAs. To determine whether miRNA-27a induces an anti-adipogenic response in transfected cells, the degree of lipid droplet formation in mature adipocytes is investigated by ORO-staining. In order to discriminate between specific miRNA mimic activity and background effects, N-TER peptide complexes containing miRNA-27a or NTC are always carried out in parallel. Non-transfected cells (cells only) serve as a control to monitor the general impact of transfection treatment on adipocyte differentiation as well as cell vitality. The endpoint of these in-vitro studies is terminated in mature adipocytes at d6 of differentiation by evaluating the staining intensities of in lipid droplets accumulated ORO with both light microscopy ([Figure 1](#F0001){ref-type="fig"}) and absorbance measurements ([Figure 2](#F0002){ref-type="fig"}).

[Figure 1A](#F0001){ref-type="fig"} shows differentiated 3T3-L1 cells, which are transfected with N-TER peptide--NTC complexes (left part of the light microscopic image) and N-TER peptide--miRNA-27a complexes (right part of the light microscopic image) ranging from 10 nM up to 80 nM (nucleic acids). It can be clearly noted that NTC-transfected cells exhibit a more intensive red coloring than cells transfected with miRNA-27a. This visually noticeable difference between NTC and miRNA-27a increases with concentration and is most likely related to the anti-adipogenic effect of miRNA-27a, which is known to reduce/inhibit the lipid droplet formation during adipocyte differentiation. In contrast to the corresponding NTC-transfected cells, miRNA-27a treatment ≥25 nM leads to decreased formation of lipid droplets in mature adipocytes and thus, reduced accumulation of ORO and red coloring. The control wells of cells transfected with free NTC or miRNA-27a ([Figure 1B](#F0001){ref-type="fig"}, left image) show no difference regarding the intensity of red coloring at the tested concentrations (10 nM, 25 nM and 80 nM) in comparison to cells only ([Figure 1B](#F0001){ref-type="fig"}, right part of the right image). On the contrary, the control wells of cells transfected with free N-TER peptide ([Figure 1B](#F0001){ref-type="fig"}, left part of the right image) reveal a concentration-dependent decrease of the ORO-staining intensities in comparison to the cells only, although this effect seems to be not as prominent as compared to N-TER peptide complexed with NTC (see [Figure 1A](#F0001){ref-type="fig"}). This issue can possibly be explained by a cytotoxic effect of the amphipathic N-TER peptide partly driven by its positively charged lysine residues. The positively charged peptide domains are largely neutralized after complexation with the negatively charged nucleic acids. This neutralization phenomenon could be responsible for the aforementioned differences between free and complexed N-TER peptides by influencing the degree of cell membrane interaction. Figure 1Exemplary light microscopic images of transfected and differentiated 3T3-L1 cells at d6 of differentiation after ORO-staining. The staining intensities of in lipid droplets accumulated ORO are presented including different sample conditions: N-TER peptide--nucleic acid complexes containing NTC or miRNA-27a (**A**) and the control groups comprising free NTC, miRNA-27a, N-TER peptide as well as cells only (**B**). Cells only serve as a control to assess the impact of the transfection treatment on adipocyte differentiation.

To verify the observations obtained from light microscopy images ([Figure 1](#F0001){ref-type="fig"}), corresponding absorbance measurements enable semi-quantitative determination of in lipid droplets accumulated ORO ([Figure 2](#F0002){ref-type="fig"}). In [Figure 2A](#F0002){ref-type="fig"}, the semi-quantitative absorbance levels of in lipid droplets accumulated ORO are compared between N-TER peptide--NTC complexes and N-TER peptide-- miRNA-27a complexes. The results at 10 nM show very similar absorbance levels for both types of N-TER peptide--nucleic acid complexes while at higher concentrations (25 nM, 50 nM and 80 nM) the differences clearly enhance. In case of 25 nM and 50 nM, the absorbance values are about 0.15 for N-TER peptide--NTC complexes and 0.1 for N-TER peptide--miRNA-27a complexes. These results indicate decreased ORO accumulation in miRNA-27a-transfected cells compared to NTC-transfected cells. However, enhancement of this miRNA-27a effect is probably not achieved with continued increase of the miRNA concentrations. This is suggested by relatively stable absorbance values (approximately 0.1) detected for the higher miRNA-27a concentrations comprising 25 nM, 50 nM as well as 80 nM. Nevertheless, the concentration-dependent response after miRNA-27a-treatment strongly supports the acceptance that N-TER peptide-based DDS are able to successfully deliver miRNA-27a into preadipocytes, which is emphasized by exerting its desired anti-adipogenic effect during adipocyte differentiation. The experiments with N-TER peptide--NTC complexes suggest a slight impact of the DDS itself on adipocyte differentiation in comparison to cells only, which seems to be concentration-dependent (see [Figure 2A](#F0002){ref-type="fig"}). By comparing cells only and N-TER peptide--NTC complexes, the ORO absorbance values are very comparable at 10 nM whereas a decrease is observed from about 0.2 (cells only) to 0.15 at higher concentrations of N-TER peptide--NTC complexes (25 nM, 50 nM and 80 nM). At this point, it is not completely clear whether the decrease is related to the peptide, which is supposed to deliver nucleic acids into cells, or the NTC, which is acting as a non-targeting control.

For clarification purposes, in-vitro transfection experiments with corresponding control groups are performed to monitor the influence of free NTC, miRNA-27a as well as N-TER peptide on adipocyte differentiation ([Figure 2B](#F0002){ref-type="fig"}). As expected for naked RNAs, both free nucleic acid controls (NTC and miRNA-27a) show no influence on lipid droplet formation during adipocyte differentiation as compared to cells only. This assumption is emphasized by nearly constant absorbance values of about 0.2 matching for all tested nucleic acid concentrations (10 nM, 25 nM, 50 nM and 80 nM). These observations are perfectly in accordance with the literature describing poor bio-membrane permeability and cellular uptake for naked RNAs, which are hydrophilic molecules that exhibit negatively charged phosphodiester backbones provoking electrostatic repulsion from the anionic cell membrane surface.[@CIT0001],[@CIT0004] Therefore, miRNAs need suitable DDS as carrier vehicles to cross cell membranes. In contrast to the free nucleic acid, free N-TER peptide causes a concentration-dependent decrease of absorbance values starting from 0.2 at lower concentrations (comparable to the other controls including free nucleic acids and cells only) down to 0.1 at higher concentrations (see [Figure 2B](#F0002){ref-type="fig"}). These observations indicate that N-TER peptide itself is possibly affecting adipocyte differentiation. The effect could be explained by a commonly known concentration-dependent, cytotoxic effect of amphipathic CPP based on the peptides\` structure consisting of hydrophobic and charged amino acids, which synergistically promote translocation through cell membranes via distinct membrane perturbation mechanisms. In particular, amphipathic peptides possess the ability to promote electrostatic interactions through their hydrophilic lysine-rich domain with the negatively charged cell membrane components (eg, glycosaminoglycans or phospholipids) while their hydrophobic domain is responsible for intercalating plasma membranes. Consequently, these translocation mechanisms of amphipathic CPP result in breaking up the integrity of the cell membrane via diverse processes including pore formation or membrane thinning, which successfully enable drug delivery across cell membranes. However, if the peptide concentrations exceed a certain threshold, cytotoxic effects might occur by disrupting cell membranes through extensive leakage that can hardly be overcome by repair mechanisms of the cells.[@CIT0047]--[@CIT0053] As a concentration-dependent consequence, the cell membrane damage is irreversible possibly leading to impaired adipocyte differentiation, as shown for higher concentrations of transfection complexes (\>50 nM, see [Figure 2B](#F0002){ref-type="fig"}).

Furthermore, adipocyte differentiation might be also affected by the agglomeration tendency of this peptide-based DDS, which has already been demonstrated in former experiments focusing on physicochemical characterization of the DDS using dynamic light scattering technologies and AFM.[@CIT0041] Amphipathic peptides, such as N-TER peptide, show increased propensity for peptide--peptide interactions due to their hydrophobic amino acid sequence and thus, agglomeration.[@CIT0036],[@CIT0054],[@CIT0055] The possible influence of agglomeration on adipocyte differentiation will be discussed in more detail in the next section. Figure 2Semi-quantitative absorbance measurements of in lipid droplets accumulated ORO at d6 of differentiation. The degree of lipid accumulation in triple transfected and differentiated cells is evaluated according to N-TER peptide--nucleic acid complexes (**A**) and controls (**B**) comprising free NTC, miRNA-27a, N-TER peptide as well as cells only. Cells only serve as a control to assess the impact of the transfection treatment on adipocyte differentiation. All results are presented as mean±SD (n=6). Statistical significance is marked as \*(p\<0.05) and \*\*\*(p\<0.001).

Both methods (light microscopy images and absorbance measurements) reveal that N-TER peptide-based DDS are capable of inducing the miRNA-27a-specific biological response, which is characterized by reduced lipid droplet formation in mature adipocytes. As demonstrated before, free miRNA-27a is unable to exert its anti-adipogenic effect on cellular level, which strongly indicates that these hydrophilic molecules need suitable carrier vehicles across cell membranes, such as N-TER peptides. The results presented up to now reflect the specific effect of complexed miRNA-27a at an advanced stage of adipocyte differentiation (mature adipocytes). The following in-vitro experiments concentrate on tracing the complexed miRNAs at an earlier stage of transfection (preadipocytes) and adipocyte differentiation (cells stimulated with IM at d1 of differentiation) to shed light on the initial stages of cellular adhesion and actual uptake of N-TER peptide--nucleic acid complexes.

Topography, Cellular Adhesion And Uptake Of N-TER Peptide--Nucleic Acid Complexes {#S0003-S2002}
---------------------------------------------------------------------------------

The concomitant application of BF illumination (40×) and fluorescence imaging allows the distinction between cellular structures (cytoskeleton or nucleus) as well as the exact allocation of N-TER peptide--FluoNTC complexes on formaldehyde-fixated 3T3-L1 preadipocytes. Additionally, the AFM height images reveal the topography of the cell surface-adhered complexes at the same sample position as BF and fluorescence. Using this triple combination of AFM, BF and fluorescence microscopy, the cellular adhesion and topography of N-TER peptide--FluoNTC complexes (blue colored) on 3T3-L1 preadipocytes are identified for low (5 nM) and high (100 nM) nucleic acid concentrations, respectively ([Figure 3](#F0003){ref-type="fig"}). Starting with the high nucleic acid concentrations (100 nM, [Figure 3A](#F0003){ref-type="fig"}), BF and fluorescence microscopy reveal very strong signals of N-TER peptide--FluoNTC complexes, which are extensively distributed over the surface of 3T3-L1 preadipocytes. In parallel, AFM height images show strongly agglomerated complexes built up by smaller particles. These agglomerates mostly adhere to the cell surface but also to the glass bottom of the dish. In contrast to high nucleic acid concentrations, the detection of N-TER peptide--FluoNTC complexes at low concentrations (5 nM, [Figure 3B](#F0003){ref-type="fig"}) reveals a decreased number of agglomerates as expected following results from previous studies.[@CIT0041] In general, the formation of particle agglomerates is characterized by a two-step process. The process starts with the self-assembly of primary particles based on electrostatic interactions between the negatively charged nucleic acids and the positively charged peptide domain. Their size is typically in the range from 100 to 300 nm. This is followed by the second step, the agglomeration of these primary particles due to additional hydrophobic peptide--peptide interactions. The propensity to form agglomerates is therefore specific to the N-TER peptide-based DDS, which cancels long-time stability as discussed previously with the agglomerates exceeding even several µm.[@CIT0041]

The concentration-dependent increase of agglomeration has also been observed for N-TER peptide complexes from fluorescence microscopic images ([Figure 4](#F0004){ref-type="fig"}). The images show randomly distributed N-TER peptide--FluoNTC complexes (red) being adhered to the layer of 3T3-L1 cells, which are stained with fluorescent dyes to clearly distinguish between the cytoskeleton (green) and the nuclei (blue). As already described before, low nucleic acid concentrations ([Figure 4](#F0004){ref-type="fig"}, left column) reveal decreased numbers of agglomerates in contrast to higher ones ([Figure 4](#F0004){ref-type="fig"}, middle column). To ensure that the red fluorescent signal is specific to N-TER peptide--FluoNTC complexes, non-transfected cells are prepared in parallel as controls ([Figure 4](#F0004){ref-type="fig"}, cells only, right column).

As tendency for agglomeration increases with increasing concentrations of the complexes at constant transfection volumes, the system-specific properties to form agglomerates might be also responsible for the limiting effect on adipocyte differentiation at higher concentrations of free N-TER peptide as well as the complexed form with NTC, which is already indicated in [Figure 2A](#F0002){ref-type="fig"}. Earlier studies have demonstrated that agglomeration of N-TER peptide--nucleic acid complexes occurs immediately after preparation. This agglomeration effect is even more enhanced after dilution with the cell culture medium DMEM because of the additional charged components (eg, amino acids, vitamins and inorganic salts).[@CIT0041] Consequently, these agglomerates adhere to the cell surface (see [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}) and possibly induce a mechanical stress response. This response could potentially cause physical deformation of the cytoskeleton and thus, affect adipocyte differentiation. These considerations are in agreement with other studies describing decreased lipid droplet accumulation during adipocyte differentiation of 3T3-L1 cells as a response to mechanical stress.[@CIT0056],[@CIT0057] Hampered adipocyte differentiation could also result just from a blocked receptor access due to the presence of agglomerates. The number or affinity of receptors is regulated in response to a ligand, such as insulin, dexamethasone and IBMX, which are responsible for receptor-mediated signals inducing the adipogenic transcription cascade.[@CIT0058],[@CIT0059] However, increased numbers of agglomerates might block these docking sites of receptors resulting in reduced ligand-receptor interactions and, consequently, affecting the adipogenic differentiation program. The function of membrane ion channels, which are essential for proliferation and the physiological homeostasis, could also be disturbed similarly by the presence of agglomerates being adhered to the cell surface.[@CIT0060]

Besides the intrinsic properties, the smaller particles occurring at low nucleic acid concentrations seem to be slightly embedded in the cytoskeleton (marked in AFM height image, [Figure 3B](#F0003){ref-type="fig"}). Unlike the strongly agglomerated complexes increasingly occurring at high nucleic acid concentrations, which appear more likely to be located onto the cell surface (marked in AFM height image, [Figure 3A](#F0003){ref-type="fig"}). The presented results further reveal polydisperse properties of the N-TER peptide-based DDS. The smaller particles exhibit heights of about 100--150 nm as well as larger agglomerates of about 600 nm marked as size profile 1 and 2, respectively (see supplementary materials, [[Figure S1]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=208446.docx)). In general, cellular uptake mechanisms are known to be size-dependent,[@CIT0061],[@CIT0062] which has been also described by Simeoni et al for N-TER peptide complexes.[@CIT0036] From the results above it can be concluded that the DDS is able to transport the miRNAs into the 3T3-L1 cells. If this is achieved by small primary particles or by agglomerated ones cannot be identified by the methods at hand, but it might even be possible that several uptake mechanisms (passive or active) occur simultaneously: primary particle uptake, removal of individual particles from the agglomerates at the cell surface, or others. Figure 3N-TER peptide--FluoNTC complexes (blue colored) at high (100 nM, image A, above) and low (5 nM, image B, below) nucleic acid concentrations on formaldehyde-fixated 3T3-L1 preadipocytes. Topography and cellular adhesion of the complexes are visualized by using a triple combination of AFM, BF and fluorescence microscopy at the same sample area. Heights of the particles/agglomerates are estimated by using particle size profiles (marked as 1 and 2; for further information about the respective particle size profiles, see supplementary materials [[Figure S1]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=208446.docx)).

As already mentioned, adhesion of N-TER peptide--nucleic acid complexes takes place on the cell surface ([Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}). The adhesion forces between the complexes and the cell surface as well as the glass bottom are concluded to be strong. This we can derive from the fact that the attachment required withstands the forces occurring during PBS washing, which is used to remove unbound sample material followed by formaldehyde cell fixation. N-TER peptides exhibit amphipathic properties containing hydrophobic as well as positively charged amino acids (lysine and arginine), which could be advantageous regarding cellular uptake by allowing interactions with both hydrophilic (eg, negatively charged cell surface compounds) and hydrophobic (eg, lipid membranes) surfaces.[@CIT0004],[@CIT0063],[@CIT0064] The initial cell surface contact of the peptide-based DDS is most probably taking place through electrostatic interactions between the hydrophilic amino acid sequence carrying positive charges and the negatively charged heparan sulfate proteoglycans as one of the main components in the extracellular matrix.[@CIT0040],[@CIT0063],[@CIT0065] Figure 4Fluorescence microscopic images of 3T3-L1 cells at 37°C transfected with N-TER peptide--FluoNTC complexes (red) at 10 nM or 100 nM (4-hr post-transfection) and at 5 nM or 50 nM (24-hr and 48-hr post-transfection). Cells only represent the non-transfected cells. Hoechst 33342 (blue) and Alexa Fluor 488 Phalloidin (green) are used to stain cell nuclei and cytoskeleton, respectively.

Extracellular administration of miRNA-27a using N-TER peptide-based DDS affects the degree of adipocyte differentiation indicated by reduced formation of lipid droplets. This biological response to miRNA-27a treatment is detected by using light microscopy images ([Figure 1](#F0001){ref-type="fig"}) and absorbance measurements ([Figure 2](#F0002){ref-type="fig"}) of in lipid droplets accumulated ORO in mature adipocytes at d6 of differentiation. Based on these results, it is therefore assumed that the observed anti-adipogenic effect must correlate with cellular uptake and cytoplasmic release of miRNA-27a after in-vitro incubation of 3T3-L1 preadipocytes using the peptide-based DDS. For verification purposes, z-stacks of cLSM studies are aimed at confirming cellular uptake by tracing fluorescent-labelled NTC within the first 48 hrs after transfection in 3T3-L1 cells. Z-stack cross sections are prepared providing three-dimensional data set to distinguish between cellular adhesion and actual cellular uptake (see [Figure 5](#F0005){ref-type="fig"}). Non-transfected cells are presented again to truly assign the red fluorescence to the N-TER peptide--FluoNTC complexes after continuous observations over 4 hrs, 24 hrs and 48 hrs ([Figure 5](#F0005){ref-type="fig"}, cells only, panel a). Regarding N-TER peptide--FluoNTC complexes 4-hr post-transfection, most of the fluorescent pattern appears to be located onto the cell surface partly stuck into the cytoskeleton, which matches for both nucleic acid concentrations of 10 nM (upper panel b) and 100 nM (upper panel c), exemplarily marked as dashed circles in [Figure 5](#F0005){ref-type="fig"}. After an incubation period of 24 hrs and 48 hrs, however, the z-stacks reveal red fluorescent signals mainly appearing within the cytoskeleton and thus, highly indicating the cellular uptake of the fluorescent-labelled N-TER peptide complexes, exemplarily marked as dashed circles in [Figure 5](#F0005){ref-type="fig"} (middle and bottom panel b/c for 5 nM and 50 nM, respectively).

As frequently highlighted in the literature, CPP, such as N-TER peptide, possess the ability for delivering hydrophilic nucleic acid molecules across biological membranes, which consist of lipid bilayers as basic structural units. The present studies have investigated the ability of N-TER peptides to function as suitable carrier system for miRNA-27a across 3T3-L1 cell membranes. The peptides belong to a category of CPP termed as "primary amphipathic peptides" that are characterized by a sequential assembly of hydrophilic and hydrophobic amino acid residues.[@CIT0063] This amphipathic structure might provide some benefits to act as successful DDS for miRNAs, which will be discussed in the following. First, the positively charged lysine residues in the hydrophilic domain of N-TER peptides induce non-covalent complexation with negatively charged nucleic acids. On the one hand, these electrostatic interactions represent a technically simple approach to manufacture a self-assembled DDS. On the other hand, the initial cell contact of this peptide-based DDS is promoted by electrostatic interactions between the partially positively charged N-TER peptide complexes and the negatively charged proteoglycans being present on the cell surface membrane.[@CIT0063],[@CIT0065] Second, it is furthermore important to enable hydrophobic interactions with the lipid components of cell membranes. As already discussed in the section before, the translocation of amphipathic N-TER peptides across cell membranes is often reported as membrane perturbation mechanisms via, eg, pore formation or membrane thinning. During these proposed uptake mechanisms, the hydrophobic amino acid domain of amphipathic peptides tends to interact with membrane phospholipids by adopting secondary structures, preferably beta-sheets, within the cell membrane that affect its integrity as well as cytoskeleton organization leading to temporary membrane leakage and thus, enabling drug delivery across cell membranes.[@CIT0039],[@CIT0040],[@CIT0065],[@CIT0066] After exceeding a certain concentration threshold, however, this amphipathic character might induce a cytotoxic response, which can be noticed via impaired adipocyte differentiation as demonstrated before. If these observed effects are provoked by N-TER peptide-mediated membrane disruption and/or agglomeration-related mechanical stress cannot be identified by the methods at hand. It is highly probable that both phenomena contribute to the impaired cell viability in a concentration-dependent manner. Beyond that, it is also very likely for amphipathic peptides that different uptake mechanisms, such as membrane translocation and endocytosis, might occur simultaneously.[@CIT0063],[@CIT0065] This versatility could be related to an interplay of various parameters not only depending on the amino acid sequence of the peptide but also on particle sizes of the DDS, miRNA concentrations, cell types as well as experimental conditions.[@CIT0036],[@CIT0061],[@CIT0062],[@CIT0067],[@CIT0068] Altogether, the described discoveries support the appropriateness of the presented peptide-based DDS for miRNAs, which is confirmed by the miRNA-27a-specific effect in mature adipocytes. Figure 5Fluorescence microscopic z-stacks of 3T3-L1 cells at 37°C. The panels show non-treated cells (panel a) or cells transfected with N-TER peptide--FluoNTC complexes (red). Panel b represents the low nucleic acid concentrations (5 nM) whereas panel c represents the high nucleic acid concentrations (50 nM). Hoechst 33342 (blue) and Alexa Fluor 488 Phalloidin (green) are used to stain cell nuclei and cytoskeleton, respectively. The dashed circles exemplarily indicate adhesion/uptake of fluorescent-labelled NTC according to the particular incubation period (4 hrs, 24 hrs, 48 hrs).

Conclusion {#S0004}
==========

In-vitro studies are performed using 3T3-L1 cells as cell culture model to investigate the degree of lipid droplet formation during adipocyte differentiation after exposure to peptide-based DDS for miRNAs. This proof of principle has been demonstrated that N-TER peptide-based DDS are capable of inducing the anti-adipogenic effect of miRNA-27a by reducing lipid droplet formation in mature adipocytes. It can be concluded that this amphipathic peptide represents a suitable DDS for miRNAs by promoting non-covalent complexation through electrostatic interactions between both components as well as cellular adhesion of the N-TER peptide--nucleic acid complexes followed by uptake across cell membranes and intracellular miRNA release to induce its biological activity. In-depth investigations are required to elucidate the mechanisms of internalization of N-TER peptide-based DDS followed by intracellular trafficking the cargo release to further improve the anti-adipogenic potential of miRNA-27a during adipocyte development. With respect to miRNA mimic replacement therapies, this approach might provide new therapeutic strategies to prevent or treat obesity and obesity-related disorders.
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